All relevant data are within the paper.

Introduction {#sec001}
============

The Sterile Insect Technique (SIT) is an autocidal control technology that relies on inundative releases of sterilized mass-reared insects \[[@pone.0201026.ref001]\]. This technology has been integrated in many area-wide integrated pest management (AW-IPM) programmes against a number of fruit fly species. For the Mediterranean fruit fly, *Ceratitis capitata* (Wiedemann), several programmes have successfully applied the SIT to promote its eradication/ containment in Argentina, Chile, Peru, Mexico and Guatemala, and for preventing its establishment in California and Florida \[[@pone.0201026.ref002]\]. In Mexico, millions of sterile flies are produced per week at the MOSCAFRUT facility for the control of economically important *Anastrepha* species \[[@pone.0201026.ref003]\].

With the eradication of the codling moth, *Cydia pomonella* (Linnaeus), achieved in 2014 after a 17-year campaign in Brazil \[[@pone.0201026.ref004]\], researchers and growers decided to create the MOSCASUL center at Vacaria, Rio Grande do Sul, Brazil. The main goal of this center is to suppress the wild populations of the South American Fruit Fly, *Anastrepha fraterculus* (Wiedemann), from temperate fruit production areas of southern Brazil through the application of sterile insects and parasitoids \[[@pone.0201026.ref005]\]. Before scaling up the rearing colonies and the release of sterile *A*. *fraterculus* flies in the fields, many technical issues must still be revised or optimized.

Ionizing radiations, such as gamma or X-rays, have been used to induce sterility in mass-reared insects worldwide \[[@pone.0201026.ref006]\]. The selection of the sterilizing dose is extremely important to SIT programmes. Research is essential to clarify the relationship between dose and the level of sterility in the irradiated flies. Dose-response curves for sterility can be developed by irradiating flies with increasing doses, mating them separately with nonirradiated flies, and calculating egg hatch \[[@pone.0201026.ref007]\]. In general, the sterilization curves approximate to linearity at low doses, but at higher doses they approach 100% sterility asymptotically and to eliminate a residual egg hatch of 1% (or less) from fertile females mated to irradiated males usually requires much higher doses \[[@pone.0201026.ref006]\]. As the radiation doses increase, more and more they negatively affect the vigour and/or competitiveness of the insects \[[@pone.0201026.ref008]\]. At too-low doses, the flies are not sufficiently sterile and cannot be released in the field, as the accidental release of under-dosed females could compromise the effectiveness of the technique and even damage crops. Based on the results from radiation studies, the managers of SIT programmes can specify the optimum dose that balances sterility with insect vigour.

The sterilization of *A*. *fraterculus* from Argentinean colonies had been addressed by two studies with different methodologies and analyses \[[@pone.0201026.ref009]\]. Allinghi et al. \[[@pone.0201026.ref010]\] verified the effects of gamma radiation (only at 50, 70 and 90 Gy) over pupal ages (96, 72, 48 and 24 h before adult emergence) and, in a 2^nd^ experiment, they estimated male and female sterility after irradiating pupae 48 h before emergence with other short range of doses (20, 40 and 60 Gy). The egg hatch data from the 1^st^ experiment were analyzed by a homogeneity chi-square test, while egg viability from the 2^nd^ experiment was evaluated with a non-parametric Kruskall-Wallis analysis. Neither were regression analyses performed nor dosimetry and quality control parameters reported in the study. Their results indicated that pupal age at irradiation did not affect male sterility and the authors concluded that full sterility in both sexes could be achieved only with a dose of 70 Gy.

Mastrangelo et al. \[[@pone.0201026.ref011]\] compared dose-response curves for both sexes of *A*. *fraterculus*, irradiated as pupae 48--24 h before emergence with four doses (10, 20, 35 and 70 Gy) of gamma or X-rays. Dosimetry of irradiations was performed according to the Gafchromic^®^ dosimetry system \[[@pone.0201026.ref012]\]. The standard quality control parameters \[[@pone.0201026.ref013]\] and mating indices were not affected by the two types of radiation. The estimated SD~99~ values (*i*.*e*. the estimated dose that induces 99% sterility) for males were 36--37 Gy and 57--58 Gy for females. This difference in the sterilizing doses between sexes was unusual, because female insects are generally more radiosensitive than males \[[@pone.0201026.ref006]\]. According to the authors, the fewer doses applied to fit the regression curves for irradiated females might have increased the errors at high doses, which led to the overestimation of SD~90~ and SD~99~values.

As genetic sexing strains (GSS) for *A*. *fraterculus* are not yet available to be field released, the MOSCASUL center will depend initially on bisexual strains to conduct suppression pilot trials. A minimum dose that all pupae must receive has to be specified to ensure sufficient sterility in both male and female flies, without reducing the competitiveness of the males. Preliminary release-recapture trials performed at Vacaria in 2017 with flies irradiated with 70--80 Gy revealed that they had a very poor dispersal ability in forested areas surrounding apple orchards (Mastrangelo, unpublished data). Therefore, in view of the different sterilizing doses obtained by the previous studies, an optimum dose should be defined more accurately for *A*. *fraterculus* males and females in order to be officially recommended for AW-IPM projects against this pest.

An accurate estimate of the optimum ratio of sterile-wild males (*i*.*e*. overflooding ratio, hereafter OFR) is another technical issue essential for any SIT programme. When sterile males are released, they must find and mate with the wild females, making their offspring not viable. In control operations, the induction of sterility into the wild population becomes more efficient when the sterile males sufficiently outnumber the native flies after the constant releases, ensuring progressive population decline over the generations \[[@pone.0201026.ref014]\]. Several studies have provided estimates of the OFRs needed to control *C*. *capitata* and *Bactrocera* spp. \[[@pone.0201026.ref015]\], but only Flores et al. \[[@pone.0201026.ref016], [@pone.0201026.ref017]\] estimated appropriate OFRs for *Anastrepha* species (*i*.*e*. *Anastrepha ludens* (Loew) and *Anastrepha obliqua* (McQuart). So far, no study relating the induction of sterility and OFRs has been conducted for *A*. *fraterculus*.

Considering these unsolved problems related to the SIT against *A*. *fraterculus* and the urgent need of more technical data for the field trials of the MOSCASUL project, the goals of this study were: 1) to define accurately the central target dose and the best age of pupae at the time of irradiation for both sexes of a local *A*. *fraterculus* Brazilian-1 morphotype, also characterizing the morphology of the ovaries after treatment at low doses; and 2) to verify the induction of sterility in fertile flies at different OFRs in laboratory cages and under field cage conditions.

Materials and methods {#sec002}
=====================

Insects and irradiation procedures {#sec003}
----------------------------------

The experiments took place at the *Food Irradiation & Radioentomology Laboratory* from the Center for Nuclear Energy in Agriculture (CENA), Piracicaba, Brazil. The *A*. *fraterculus* pupae used for the experiments were obtained from a colony maintained following the procedures described by Walder et al. \[[@pone.0201026.ref018]\]. This bisexual strain of the Brazilian-1 morphotype (*i*.*e*. the most common morphotype of the *A*. *fraterculus* complex in Argentina and southern Brazil) \[[@pone.0201026.ref019]\] was originally established with pupae recovered from native infested hosts at Vacaria and maintained in the laboratory for 18 generations. No permits were required for the described study, which complied with all relevant regulations.

The pupae for the experiments were irradiated with X-rays generated by an RS-2400V irradiator (RadSource Technologies Inc., Buford, GA), operated at 160 keV and 45 mA giving a rate of 13.1±0.4 Gy/min at the irradiation position. The absorbed dose distribution in the canisters and dose rates were determined following the procedures described by Mehta & Parker \[[@pone.0201026.ref020]\]. All irradiations were carried out separately for the different bioassays and performed under normal atmospheric conditions (21% oxygen). A small plastic container with the pupae was positioned in the center of the canisters (7.6 cm diameter x 20.3 cm long) that were suspended by a carousel that rotates around the X-ray source. For each exposure, dosimetry was performed following the Gafchromic^®^ dosimetry system \[[@pone.0201026.ref012]\].

Optimization of the sterilizing doses for *A*. *fraterculus* {#sec004}
------------------------------------------------------------

Pupae with different ages (72, 48 and 24 h before adult emergence) were treated with six doses of X-rays: 0 (control), 5, 10, 15, 25, 35 and 45 Gy. Two days after emergence, adults were sorted by sex. For each age and dose, fertility was assessed by exposing 25 nonirradiated females or males to 25 irradiated individuals of the opposite sex for a week in 2 L plastic cylinder flasks. Water and food were offered *ad libitum*, being the later a mixture of hydrolysate yeast (*Bionis*^®^ YE MF, *Biorigin*, Lençóis Paulista, SP), sugar and wheat germ (1:3:1). Females laid eggs through netting on the top of the cage into a water-filled dish whose base was a red cloth covered with a thin layer of silicone rubber. The water from this oviposition device was changed every 24 h and the eggs were collected six times for each treatment. The eggs from each cage were counted on a moist filter paper and placed over a moistened dark sponge in petri dishes. The hatchability of eggs was assessed after 7 days (25 ± 1 °C and 70% RH). The ovipositing cages were distributed in a randomized design. Each treatment was replicated four times, using pupal cohorts from different generations (one replication per cohort).

To assess adult emergence and sex ratio from irradiated pupae, 100 pupae for each age and dose were placed in petri dishes, with three replicates per treatment. The percentage of adult emergence and sex ratio were calculated four days later. To assess the percentage of fliers, 50 pupae from each treatment were positioned in the bottom of black Plexiglas tubes (8.9 cm diameter x 10 cm high) whose walls were coated with unscented talcum powder \[[@pone.0201026.ref013]\]. After emerged flies had flown from the tubes, the remaining flies and unemerged pupae were counted. Three replicates per treatment were distributed in a randomized design.

To verify the effects of radiation on the competitiveness of males and females, pupae 72--48 h before adult emergence were irradiated with the selected SD~99~ (*i*.*e*. 40 Gy) and the emerging flies were kept in separate cages. When the flies were 10-d-old, 25 nonirradiated and irradiated couples, marked with water-based paint dots \[[@pone.0201026.ref013]\] from the same strain were released in circular screened field cages (3 m diameter x 2 m high), each containing a potted apple tree (*Malus domestica* Borkh cv.'Gala') of 1.5 m in height and a canopy of 0.5 m in diameter. Females were released 30 min. after the release of males. The type and number of matings were recorded for 4 h (7:30 to 11:30 a.m.). The index of sexual isolation (ISI), male and female relative performance indices (MRPI and FRPI), and the relative isolation index (RII) were estimated according to the manual of FAO/IAEA/USDA \[[@pone.0201026.ref013]\]. There were 12 replicates (one replication per cohort) for each index.

Characterization of the ovaries from irradiated flies {#sec005}
-----------------------------------------------------

The batches of pupae 48 h before emergence destined for the tests were irradiated with 0 (control), 15, 25, 35, and 45 Gy. Twelve hours after initial emergence, adults were sorted by sex. For each radiation dose, 1-d-old nonirradiated males were placed with irradiated females of the same age in cages made of a 2 L plastic cylinder flask. Control cages with nonirradiated flies were also set up. In each cage, the adults were fed *ad libitum* with water and adult diet, as above. These cages were distributed in a randomized design with 4 replicates for each treatment, with 25 couples per cage.

Adult females were dissected in 0.85% sodium chloride (NaCl) solution \[[@pone.0201026.ref021]\] at 1, 7, and 15 days of age. After removal of the reproductive system, the ovaries were transferred to a clean microscope slide and examined as whole mounts under a Leica MDG41^®^ stereomicroscope (Leica Microsystems, Heerbrugg, Switzerland). Images of the freshly dissected organs were made with a Leica Digital DFC450^®^ camera on the stereomicroscope for further characterization. The length (mm), width (mm) and area (mm^2^) of each ovary on the three different days were measured from the images.

Sterility induction at different sterile: Fertile ratios in laboratory cages {#sec006}
----------------------------------------------------------------------------

For the evaluation of sterility induction at different OFRs in controlled environmental conditions, pupae were irradiated 72 h before emergence with 40 Gy (this age and dose were chosen based on the results from the previous experiments). Two days after emergence, the adults were sorted and fertility was assessed exposing the irradiated males to nonirradiated males and females in cages with the ratios presented in [Table 1](#pone.0201026.t001){ref-type="table"}.

10.1371/journal.pone.0201026.t001

###### Ratios of sterile and fertile *Anastrepha fraterculus* flies by laboratory cage.

![](pone.0201026.t001){#pone.0201026.t001g}

  Ratio                     Sterile   Fertile   Total number of flies   
  ------------------------- --------- --------- ----------------------- --------
  1:1:1                     26        26        26                      78
  5:1:1                     120       24        24                      168
  10:1:1                    330       33        33                      396
  30:1:1                    930       31        31                      992
  50:1:1                    10,200    204       204                     10,608
  100:1:1                   20,200    202       202                     20,604
  (control) 0:1:1           0         25        25                      50
  (sterile control) 1:0:1   25        0         25                      50

The flies for the ratio of 1:1 and control groups were placed in the 2 L plastic cylinder cages, 45x45x45 cm screened cages were used for the ratios of 5:1, 10:1 and 30:1, and colony cages (75x30x154 cm) \[[@pone.0201026.ref018]\] were used for the ratios 50:1 and 100:1. The flies were fed *ad libitum* as previously described and the same oviposition devices made of water-filled dishes were used when the flies reached the age of 10--11 days. Eggs were collected daily for six consecutive days. Egg hatch was evaluated after 7 days. Four replicates were performed per cage and different cohorts were used for each replicate.

Sterility induction at different sterile: Fertile ratios under field cage conditions {#sec007}
------------------------------------------------------------------------------------

The treatments varied in their sterile:fertile ratios and in the presence or absence of sterile females. The number of released flies in each field cage is shown in [Table 2](#pone.0201026.t002){ref-type="table"}.

10.1371/journal.pone.0201026.t002

###### Ratios of sterile and fertile *Anastrepha fraterculus* flies by field cage.

![](pone.0201026.t002){#pone.0201026.t002g}

  Field Cage Test                       Ratio               Sterile   Fertile   Total number of flies            
  ------------------------------------- ------------------- --------- --------- ----------------------- -------- -----
  **Sterile male and female release**   (control) 0:0:1:1   0         0         50                      50       100
  1:1:1:1                               50                  50        50        50                      200      
  10:10:1:1                             490                 490       49        49                      1,078    
  42:42:1:1                             2,100               2,100     50        50                      4,300    
  50:50:1:1                             2,500               2,500     50        50                      5,100    
  100:100:1:1                           5,100               5,100     51        51                      10,302   
  **Sterile male only release**         (control) 0:0:1:1   0         0         50                      50       100
  1:0:1:1                               50                  0         50        50                      150      
  10:0:1:1                              490                 0         49        49                      588      
  42:0:1:1                              2,100               0         50        50                      2,200    
  50:0:1:1                              2,500               0         50        50                      2,600    
  100:0:1:1                             5,000               0         50        50                      5,100    

Pupae 72 h before emergence were X-rayed with 40 Gy to render the flies sterile. Fertile flies from the laboratory bisexual strain were used in lieu of wild flies because sufficient numbers of wild flies were not available during the tests. Batches of irradiated and nonirradiated pupae were placed separately in 50x50x50 cm acrylic cages and kept at 25 °C in the laboratory. At emergence, the flies were sorted by sex and the exact numbers required by the tests were placed in 45x45x45 cm screened cages. Water was provided by vials with cotton wicks and the adult diet was the same from the previous tests. Before the tests, the sexes were kept isolated in separate cages to reach sexual maturation and to avoid any contact of pheromone under laboratory conditions (25±1 °C, 65% RH and a photoperiod of 12:12 \[L:D\] h).

The tests with the presence or not of sterile females were conducted independently due to the limited number of field cages. Sexually mature 10-d-old flies were released in the same circular screened field cages described previously. The field cages were installed under the shade of trees from an Atlantic forest fragment in the 'Luiz de Queiroz' campus, Piracicaba (latitude 22°42' S and longitude 47°38'W). According to the number of flies in [Table 2](#pone.0201026.t002){ref-type="table"}, males were released first into each of the cages, followed by females after an interval of 20 min. Dead flies and those incapable of flying or noticeably damaged in any way at the time of release were replaced. Water and adult diet were supplied in each cage at the base of the potted tree. Two days after release, one papaya fruit (*Carica papaya* L. cv.'Golden') at maturity stage 3 \[[@pone.0201026.ref022], [@pone.0201026.ref023]\] with average weight of 493.5±19.2 g was hung on each caged tree and replaced twice after three consecutive days of exposure. These fruits were then transported to the laboratory, placed on screens above vermiculite in individual boxes and maintained for 15--17 days at 25--26 °C. The vermiculite was sifted every 2--3 d for pupae. Eight replicates were carried out per treatment in time using different pupal cohorts. Pupae recovered from the fruits were counted and stored in petri dishes at the laboratory (25±1 °C and 65% RH). As the percentage of adult emergence of the pupae recovered, irrespective of the treatment, was ca. 98--100%, only data for recorded number of pupae were included in the statistical analyses. The sunshine records, temperature and relative humidity during the tests were favorable for fly requirements.

Data analysis {#sec008}
-------------

The egg hatch data from the tests for optimization of the sterilizing dose and sterility induction at different OFRs in laboratory cages were corrected for the respective control values \[[@pone.0201026.ref024]\] and Probit transformed for the performance of linear regression analyses against the log of the radiation dose or the sterile:fertile male ratio, respectively \[[@pone.0201026.ref025]\]. Based on the dose-response curves obtained, the estimated doses and ratios that induce 50%, 90% and 99% sterility (*i*.*e*. SD~50~, SD~90~ and SD~99~) were calculated with their 95% confidence intervals. For the percentages of adult emergence, fliers and sex ratio, linear regression analysis was applied. For the length (mm), width (mm) and area (mm^2^) of the ovaries, the one-way analysis of variance *F*-test was applied at the 5% significance level (ANOVA) and, when significant differences were found, Tukey's honestly significance difference (HSD) test (α = 5%) was used to compare the means.

After the infestation of papaya fruits in the field cage tests, the percentage of reduction in pupal production was estimated with the formula: 100%-(1- number of pupae recovered in the treatment/ number of pupae recovered in control) \[[@pone.0201026.ref026]\]. The relationship between the number of pupae recovered, reduction in pupal production and number of pupae/kg of fruit were adjusted to regressions with logarithmic/exponential functional forms. The equality of slopes from the regression equations in the presence or absence of sterile females were compared by a slope comparison test (α = 5%) \[[@pone.0201026.ref025]\]. The Bartlett and Shapiro-Wilk tests \[[@pone.0201026.ref027], [@pone.0201026.ref028]\] were performed to verify the homoscedasticity assumptions and the normality of the errors, respectively. These tests and ANOVAs were performed by the statistical program SAS 9.4 \[[@pone.0201026.ref029]\].

Results {#sec009}
=======

Effects of pupal age and doses on *A*. *fraterculus* fertility and quality control parameters {#sec010}
---------------------------------------------------------------------------------------------

As the 95% confidence intervals of all the Gafchromic dosimeters included the respective target dose, the target doses values are used throughout. The linear regression equations of the Probit transform of sterility against the logarithm of dose for the different pupal ages and the estimated SD~50~, SD~90~ and SD~99~ values are presented in [Table 3](#pone.0201026.t003){ref-type="table"} and [S1](#pone.0201026.s001){ref-type="supplementary-material"}, [S2](#pone.0201026.s002){ref-type="supplementary-material"} and [S3](#pone.0201026.s003){ref-type="supplementary-material"} Figs.

10.1371/journal.pone.0201026.t003

###### Linear regression equations of Probit sterility on log dose and estimated doses at selected sterility levels for males and females of *Anastrepha fraterculus* whose pupae were irradiated at three different times (72, 48 and 24 h before adult emergence).
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  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Pupal age (hours before adult emergence)   Sex                                          Probit linear\                                 SD~50~[^†^](#t003fn001){ref-type="table-fn"}        SD~90~         SD~99~
                                                                                          regression analysis                                                                                               
  ------------------------------------------ -------------------------------------------- ---------------------------------------------- --------------------------------------------------- -------------- --------------
  **72 h**                                   ♂                                            y = 3.1x + 2.4;\                               6.8\                                                17.7\          38.5\
                                                                                          r^2^ = 0.83; *F*~1,14~ = 67.9; *P* \< 10^−3^   (4.9; 9.5) [^‡^](#t003fn002){ref-type="table-fn"}   (14.9; 21.1)   (30.4; 48.6)

  ♀                                          y = 4.7x +0.94;\                             7.3\                                           13.8\                                               23.02\         
                                             r^2^ = 0.60; *F*~1,8~ = 10.7; *P* = 0.011    (4.8; 11.3)                                    (8.9; 21.3)                                         (11.5; 46.1)   

  **48 h**                                   ♂                                            y = 3.5x + 1.8;\                               8.2\                                                18.9\          37.3\
                                                                                          r^2^ = 0.84; *F*~1,14~ = 75.6; *P* \< 10^−3^   (6.2; 10.8)                                         (16.1; 22.2)   (30.1; 46.3)

  ♀                                          y = 4.9x +0.68;\                             7.5\                                           13.5\                                               21.9\          
                                             r^2^ = 0.78; *F*~1,8~ = 12.9; *P* = 0.0071   (5.04; 11.0)                                   (9.2; 19.9)                                         (11.9; 40.4)   

  **24 h**                                   ♂                                            y = 3.1x + 2.4;\                               6.9\                                                17.9\          38.6\
                                                                                          r^2^ = 0.81; *F*~1,14~ = 58.9; *P* \< 10^−3^   (4.9; 9.9)                                          (14.9; 21.5)   (30.1; 49.8)

  ♀                                          y = 4.5x + 1.3;\                             6.8\                                           13.0\                                               22.2\          
                                             r^2^ = 0.69; *F*~1,8~ = 7.3; *P* = 0.003     (3.8; 11.9)                                    (7.9; 21.5)                                         (9.8; 50.1)    
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

^†^ SD = dose (Gy) that induces 50, 90 or 99% sterility.

^‡^ 95% confidence level.

The overall control fertility in the *A*. *fraterculus* laboratory strain tested was 88.8±4.2% (mean±SE), resulting in small corrections to the sterility data using the Abbot's formula. The observed fecundity in both control groups and cages where fertile females were crossed with irradiated males was 24.3±8.6 eggs/d/female with no noticeable variations. The SD~50~, SD~90~ and SD~99~ values for males and females did not differ significantly within each sex at the same levels of sterility as the confidence intervals overlapped ([Table 3](#pone.0201026.t003){ref-type="table"}). These results indicated that the three pupal ages did not affect the sterility induced in both males and females at the time of irradiation.

Considering the crosses between irradiated males and nonirradiated females, the raw sterility values induced by the doses of 5, 10, 15, 25, 35 and 45 Gy were 38.3±2.7%, 75.3±0.6%, 87.8±1.6%, 92.6±0.6%; 96.4±0.2% and 99.8±0.2%, respectively. Based on the log-probit regressions obtained, estimated doses between 37.3 Gy and 38.6 Gy could induce 99% sterility in males.

When irradiated *A*. *fraterculus* females were mated with fertile males, there were significant reductions in fertility (≈ 50%) at estimated doses as low as 6.8--8.2 Gy ([Table 3](#pone.0201026.t003){ref-type="table"}) compared to the control. Only 1% of eggs hatched at the estimated doses of 21.9--23.02 Gy. No eggs were laid after irradiation with 25 Gy during the six days of egg collection.

The mean values from the quality control parameters evaluated for the irradiated pupae are summarized in [Table 4](#pone.0201026.t004){ref-type="table"}. Within the pupal ages, the fitted regression line slopes did not differ from zero. Therefore, the adult emergence, fliers and sex ratio were not affected by radiation, with overall means of 84.9±0.9%, 89.2±0.93% and 0.52±0.014, respectively.

10.1371/journal.pone.0201026.t004

###### Means (±SE) of emergence of flies, fliers and sex ratio from pupae of *Anastrepha fraterculus* irradiated with different doses at different ages (72, 48 and 24 h before adult emergence).
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  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Dose (Gy)                                                                               Emergence (%)             Fliers (%)               Sex ratio\                                                                                                                                                 
                                                                                                                                             (♀/♂+♀)                                                                                                                                                    
  --------------------------------------------------------------------------------------- ------------------------- ------------------------ ------------------------- ------------------------- ------------------------ -------------------------- ------------------------ ------------------------- --------------------------
  **Control**                                                                             86.7±4.4                  99±1.0                   88.0±4.1                  80.3±4.3                  99.9±0.1                 97.6±2.4                   0.48±0.03                0.57±0.08                 0.56±0.06

  **5**                                                                                   86 ± 4.2                  79.3±0.7                 82 ±2.0                   85.1±7.9                  91.6±5.1                 88.8±4.7                   0.45±0.12                0.44±0.06                 0.47±0.08

  **10**                                                                                  88 ± 1.2                  90.0±3.1                 86.7±4.4                  88.7±2.6                  89.6±0.9                 91.1±4.5                   0.52±0.01                0.69±0.06                 0.48±0.07

  **15**                                                                                  89.3±2.4                  83.3±2.9                 85.3±2.9                  80.8±4.1                  85.7±2.0                 93.1±3.3                   0.46±0.03                0.36±0.01                 0.61±0.03

  **25**                                                                                  86 ± 3.1                  85.3±4.7                 82.7±2.4                  90.8±1.0                  91.6±1.7                 96 ±1.5                    0.47±0.04                0.51±0.08                 0.62±0.06

  **35**                                                                                  86.7±4.4                  75.3±7.1                 80.0±0.1                  89.6±4.0                  84.5±4.0                 85 ± 3.8                   0.57±0.03                0.57±0.03                 0.50±0.03

  **45**                                                                                  88.7±1.8                  75.2±2.7                 84.7±3.5                  87.1±5.3                  85.8±2.2                 96.6±3.4                   0.58±0.07                0.58±0.1                  0.51±0.06

  **Significance test for the linear regression**[^†^](#t004fn001){ref-type="table-fn"}   *F*~1,20~ = 0.08^*ns*^\   *F*~1,19~ = 9.1^*ns*^\   *F*~1,20~ = 0.95^*ns*^\   *F*~1,20~ = 1.71^*ns*^\   *F*~1,19~ = 6.5^*ns*^\   *F*~1,20~ = 0.001^*ns*^\   *F*~1,20~ = 3.2^*ns*^\   *F*~1,20~ = 0.19^*ns*^\   *F*~1,20~ = 0.001^*ns*^\
                                                                                          *P* = 0.78                *P* = 0.07               *P* = 0.34                *P* = 0.21                *P* = 0.21               *P* = 0.97                 *P* = 0.09               *P* = 0.67                *P* = 0.98
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

^†^ Analyses of variance with *F*-test indicates if a significant linear regression can be fitted to the data or not (*P* \> 0.05; *ns*, not significant).

The results from the mating tests conducted under field cage conditions demonstrated that a dose of 40 Gy did not severely affect the competitiveness of the flies. The mean ISI value of -0.10±0.16 indicated that the irradiated flies remained compatible with the nonirradiated flies ([S4 Fig](#pone.0201026.s004){ref-type="supplementary-material"}). Irradiated males were as competitive in obtaining mates as nonirradiated males (MRPI = -0.15±0.065). The sterile females demonstrated equal mating propensity, since the mean FRPI value of -0.29±0.17 was close to zero ([S5 Fig](#pone.0201026.s005){ref-type="supplementary-material"}). The mean RII was 1.39±1.05, also indicating random mating ([S6 Fig](#pone.0201026.s006){ref-type="supplementary-material"}).

Ovarian development in irradiated and nonirradiated females {#sec011}
-----------------------------------------------------------

The effects of radiation on the ovarian development of *A*. *fraterculus* are shown in [Table 5](#pone.0201026.t005){ref-type="table"} and [Fig 1](#pone.0201026.g001){ref-type="fig"}. On the 1^st^ day after the emergence of the adults, no morphological differences were observed among irradiated and nonirradiated ovaries. The overall mean values for the length, width and area of the ovaries from the treatments were 0.4±0.03 mm (*F*~3,\ 20~ = 0.3, *P* = 0.9), 0.32±0.02 mm (*F*~3,\ 19~ = 2.5, *P* = 0.1) and 0.1±0.007 mm^2^ (*F*~3,\ 20~ = 3.02, *P* = 0.06).

10.1371/journal.pone.0201026.t005

###### Measurements (means ± SE) of the ovaries from fertile and irradiated females of *Anastrepha fraterculus* at two different times (7 and 15 days after the emergence of the adults).
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  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Measurement                Age of the fly (days old)   Treatment                                                                                                                        
  -------------------------- --------------------------- ----------------------------------------------------- ---------------- ----------------- ----------------- --------------------- ---------------------
  **Length (mm)**            7                           1.49 ± 0.08 a[^†^](#t005fn001){ref-type="table-fn"}   0.47 ±0.01 b     0.45 ± 0.02 b     0.44 ± 0.02 b     0.44 ± 0.01 b         *F*~4,24~ = 166.8;\
                                                                                                                                                                                          *P*\<10^−3^

  15                         2.64 ± 0.13 a               0.5 ± 0.02 b                                          0.51 ± 0.01 b    0.41 ± 0.03 b     0.48 ± 0.01 b     *F*~4,27~ = 247.5;\   
                                                                                                                                                                    *P*\<10^−3^           

  **Width (mm)**             7                           0.71 ± 0.1 a                                          0.27 ±0.01 b     0.28 ± 0.01 b     0.32 ± 0.01 b     0.29 ± 0.01 b         *F*~4,24~ = 15.9;\
                                                                                                                                                                                          *P*\<10^−3^

  15                         0.99 ± 0.06 a               0.39 ±0.06 b                                          0.28 ±0.01 b     0.25 ± 0.01 b     0.29 ± 0.02 b     *F*~4,27~ = 63.1;\    
                                                                                                                                                                    *P*\<10^−3^           

  **Area (mm**^**2**^**)**   7                           0.92 ± 0.05 a                                         0.09 ± 0.002 b   0.093 ± 0.005 b   0.106 ± 0.005 b   0.097 ± 0.01 b        *F*~4,24~ = 221.9;\
                                                                                                                                                                                          *P*\<10^−3^

  15                         1.99 ± 0.09 a               0.15 ±0.02 b                                          0.11±0.004 b     0.10 ± 0.01 b     0.12 ± 0.002 b    *F*~4,27~ = 321.4;\   
                                                                                                                                                                    *P*\<10^−3^           
  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

^†^ Means (± SE) within rows followed by the same letter do not differ significantly at the 5% level (Tukey's test).

![Ovarian development of *Anastrepha fraterculus* irradiated as pupae 48 hours before adult emergence with different doses (indicated by letters: a = control; b = 15 Gy; c = 25 Gy; d = 35 Gy; e = 45 Gy) and observed at different times (indicated by numbers: 1 = 7-day-old flies; 2 = 15-day-old flies).](pone.0201026.g001){#pone.0201026.g001}

On the 7^th^ day, however, the nonirradiated (control) ovaries were larger than the irradiated ones, and abnormally developed ovaries with few ovarioles could already be observed in females exposed to 15 Gy. The doses of 15 Gy and higher caused damage to the ovaries, making them smaller. The length, width and area of the ovaries from the flies irradiated with 15 Gy or higher did not differ significantly among them, but they did differ significantly from the means of the control group ([Table 5](#pone.0201026.t005){ref-type="table"}). On the 7^th^ day, the irradiated ovaries presented mean area values 9--10 fold smaller than the values of the nonirradiated ovaries. Doses of 25 Gy or higher induced complete atrophy of the germinal cell structures and, on the 15^th^ day of observation, no female showed ovaries with signs of regeneration ([Fig 1](#pone.0201026.g001){ref-type="fig"}).

Sterility induction in laboratory cages {#sec012}
---------------------------------------

The percentages of egg hatch (means±SE) and the total number of eggs scored from the control cages and the ratios of 1:1, 5:1, 10:1, 30:1, 50:1 and 100:1 were 91.7±1.9% (n = 3,389), 44.0±1.7% (n = 3,105), 25.3±3.4% (n = 2,902), 10.3±0.2% (n = 4,949), 7.6±0.7% (n = 4,042), 1.0±0.4% (n = 30,103) and 0.008±0.002% (n = 29,432), respectively. The OFR had a significant effect on fertility of the females (*F* = 85.6; d.f. = 1, 16; *P* \< 10^−3^) ([Fig 2](#pone.0201026.g002){ref-type="fig"}). At the sterile:fertile male ratios of 30:1 and 50:1, egg hatch was reduced to 7.6±1.2% and 1.0±0.7%, respectively.

![Linear regression of Probit transformed sterility on log of sterile: Fertile male ratio under laboratory conditions, without the presence of sterile females.](pone.0201026.g002){#pone.0201026.g002}

According to the Probit linear regression generated, the estimated ratio of sterile:fertile males to induce 50%, 90% and 99% sterility, with the 95% confidence intervals, were 1.6 (0.9; 2.9), 9.6 (6.7; 13.9), and 41.7 (27.1; 64.3), respectively.

Sterility induction under field cage conditions {#sec013}
-----------------------------------------------

The results from the field cage tests are shown in Tables [6](#pone.0201026.t006){ref-type="table"} and [7](#pone.0201026.t007){ref-type="table"}. The different OFRs, both when releasing sterile males and females jointly and when releasing males only, had a significant effect on the number of pupae recovered.

10.1371/journal.pone.0201026.t006

###### Means (±SE) of number of pupae recovered, reduction in pupal production and pupae obtained per kg of *papaya* fruit infested by *Anastepha fraterculus* at different ratios of sterile: Fertile males with the presence of sterile females in field cages.
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  ----------------------------------------------------------------------------------------------------------------------------------
  Ratio\                    Number of pupae                    Reduction in pupal yield (%)       Number of pupae/kg of fruit
  (sterile ♂: fertile ♂)                                                                          
  ------------------------- ---------------------------------- ---------------------------------- ----------------------------------
  **Control**               115.0 ± 19.1                       \-                                 233 ± 39.0

  **1:1**                   49.3 ± 1.9                         57.1 ± 1.6                         99.9 ± 4.0

  **10:1**                  23.8 ± 14.7                        79.3 ± 12.8                        48 ± 29.0

  **42:1**                  5.3 ± 3.3                          95.4 ± 2.8                         10.7 ± 6.6

  **50:1**                  2.4 ± 0.67                         97.9 ± 0.5                         4.8 ± 1.3

  **100:1**                 0.25 ± 0.2                         99.8 ± 0.2                         0.51 ± 0.5

  **Regression Analysis**   *ln* y = 4.7--0.12 x\              *ln* y = 4.6--75.2 *e*^-x^\        *ln* y = 5.4--0.12 x\
                            r^2^ = 0.93\                       r^2^ = 0.89\                       r^2^ = 0.92\
                            *F*~1,17~ = 200.2; *P* \< 10^−3^   *F*~1,15~ = 123.9; *P* \< 10^−3^   *F*~1,17~ = 201.4; *P* \< 10^−3^
  ----------------------------------------------------------------------------------------------------------------------------------

10.1371/journal.pone.0201026.t007

###### Means (±SE) of number of pupae recovered, reduction in pupal production and pupae obtained per kg of *papaya* fruit infested by *Anastepha fraterculus* at different ratios of sterile: Fertile males without sterile females in field cages.
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  ----------------------------------------------------------------------------------------------------------------------------------
  Ratio\                    Number of pupae                    Reduction in pupal yield (%)       Number of pupae/kg of Fruit
  (sterile ♂: fertile ♂)                                                                          
  ------------------------- ---------------------------------- ---------------------------------- ----------------------------------
  **Control**               119.6 ± 15.3                       \-                                 242.4 ± 31.0

  **1:1**                   48.0 ± 15.9                        59.9 ± 13.3                        97.3 ± 32.2

  **10:1**                  19.0 ± 4.7                         84.1 ± 4.0                         38.5 ± 9.6

  **42:1**                  3.1 ± 1.8                          97.4 ± 1.5                         6.3 ± 3.8

  **50:1**                  1.33 ± 0.95                        98.9 ± 0.8                         2.7 ± 1.9

  **100:1**                 0.14 ± 0.1                         99.9 ± 0.1                         0.3 ± 0.2

  **Regression Analysis**   *ln* y = 4.8--0.15 x\              *ln* y = 4.6--62.9 *e*^-x^\        *ln* y = 5.5--0.15 x\
                            r^2^ = 0.96\                       r^2^ = 0.92\                       r^2^ = 0.96\
                            *F*~1,17~ = 350.7; *P* \< 10^−3^   *F*~1,15~ = 160.6; *P* \< 10^−3^   *F*~1,17~ = 350.0; *P* \< 10^−3^
  ----------------------------------------------------------------------------------------------------------------------------------

The reduction in pupal yield was higher than 95% for the 42:1, 50:1 and 100:1 ratios, and it increased as the number of sterile males per cage increased. According to the regression equations obtained ([S8 Fig](#pone.0201026.s008){ref-type="supplementary-material"}), both ratios of 42:1 and 50:1 could induce a reduction in pupal yield of 99.5%. Very few larvae developed in the papaya fruits that were exposed in the cages with the 100:1 ratio (*i*.*e*. only 0.3--0.5 pupae.kg^-1^ of fruit were obtained), and they came probably from eggs laid by one or two females that mated with nonirradiated males.

The sterile females apparently did not distract the sterile males. The slopes from the curves for number of pupae (*t* = 0.73, d.f. = 33; P = 0.47) and number of pupae per kg of fruit (*t* = 0.85, d.f. = 33; *P* = 0.39) did not differ significantly in the presence or absence of sterile females ([S7](#pone.0201026.s007){ref-type="supplementary-material"} and [S9](#pone.0201026.s009){ref-type="supplementary-material"} Figs). Although not significant (*t* = 0.27, d.f. = 29; *P* = 0.79), the mean percentages of reduction in pupal production were slightly higher for all ratios in the absence of the sterile females ([Table 7](#pone.0201026.t007){ref-type="table"} and [S8 Fig](#pone.0201026.s008){ref-type="supplementary-material"}).

Discussion {#sec014}
==========

As the SIT relies upon inundative releases of sterile mass-reared insects, it follows that choosing the optimum sterilizing dose is one of the principal steps of the technique. When bisexual strains are used, the minimum dose chosen must lead to full sterility in females and sterility levels close to 100% in males, aiming to preserve the vigour of the later ones \[[@pone.0201026.ref006], [@pone.0201026.ref007]\]. In view of the radiation studies conducted in the last decade, this was the study that evaluated the largest range of radiation doses for *A*. *fraterculus*. Assurance that the batches of pupae received the desired target doses was achieved by measuring the optical density of the dosimeter films after each exposure \[[@pone.0201026.ref012]\].

The regression analyses of Probit transformed sterility against log radiation dose developed for both sexes here showed that the estimated SD~99~ is ca. 39 Gy for males and 23 Gy for females ([Table 3](#pone.0201026.t003){ref-type="table"}). The SD~99~ calculated for males by Mastrangelo et al. \[[@pone.0201026.ref011]\] were practically the same (*i*.*e*. 36.3--37.8 Gy), whereas the SD~99~ for females were not (*i*.*e*. 57.3--57.8 Gy). The results from the sterilization tests and the measurements of irradiated ovaries (Tables [3](#pone.0201026.t003){ref-type="table"} and [5](#pone.0201026.t005){ref-type="table"}) confirm, thus, that the sterilizing doses calculated for females by Mastrangelo et al. \[[@pone.0201026.ref011]\] were overestimated due to the use of few doses and smaller egg sample sizes at high doses to fit the regression lines.

In agreement with our results, Allinghi et al. \[[@pone.0201026.ref010]\] found that pupal age up to 96 h prior to adult emergence does not significantly affect male sterility. In the sterilization tests conducted by these authors, they observed that the fertility of females crossed with males irradiated with 40 Gy was 3.0±2.0% (mean±SD) and that 100% sterility was induced by a dose of 70 Gy. They also verified that females irradiated with 40 Gy were unable to lay eggs, independently of the male to which they mated.

In the field cage tests conducted by Allinghi et al. \[[@pone.0201026.ref030]\], the residual fertility was only 0.75% in males but 2.17% in females after exposure to 40 Gy. This 2% fertility obtained from crosses between irradiated laboratory females and fertile wild males (*i*.*e*. 1 egg hatched out of 46 eggs collected) contrasts with the results from this study, Allinghi et al. \[[@pone.0201026.ref010]\] and Mastrangelo et al. \[[@pone.0201026.ref011]\] and it might have occurred by the accidental release of an under-dosed female or another experimental error. Bartolucci et al. \[[@pone.0201026.ref031]\] showed that 70 Gy caused complete and irreversible ovary atrophy, but our results demonstrated that this effect could be provoked with doses equal to or higher than 25 Gy ([Fig 1](#pone.0201026.g001){ref-type="fig"}).

The values of emergence and fliers ([Table 4](#pone.0201026.t004){ref-type="table"}) were equivalent or higher than the minimum post-irradiation percentages specified for *Anastrepha ludens* (Loew), *Anastrepha obliqua* (Macquart) and *Anastrepha suspensa* (Loew) by the FAO/IAEA/USDA \[[@pone.0201026.ref013]\], and sex ratio did not diverge from 1:1, irrespectively of the age at which pupae were exposed to radiation. The mating competitiveness indices ([S4](#pone.0201026.s004){ref-type="supplementary-material"} to [S6](#pone.0201026.s006){ref-type="supplementary-material"} Figs) indicated that males irradiated with 40 Gy and nonirradiated males were competing equally for the fertile females. Several studies with *A*. *fraterculus* have showed that irradiation at 40--70 Gy does not affect its mating competitiveness \[[@pone.0201026.ref011], [@pone.0201026.ref030], [@pone.0201026.ref032]\], survival \[[@pone.0201026.ref033]\], sexual maturation \[[@pone.0201026.ref034]\], latency to mate, sperm transfer and remating behavior \[[@pone.0201026.ref035]\] under laboratory or field cage conditions.

In view of the sterility data and the values of the quality control parameters obtained here, the radiation treatment for *A*. *fraterculus* should be reviewed. The majority of operational SIT programmes adopt radiation doses that induce 99.9% or 100% sterility. For this purpose, Allinghi et al. \[[@pone.0201026.ref010]\] recommended that 70 Gy should be applied to pupae 48 h before emergence and this treatment has been used for most studies since then \[[@pone.0201026.ref036]\]. However, lower doses can yield more effectiveness for SIT field operations \[[@pone.0201026.ref037]\]. We believe that a sterilizing dose lower than the currently applied should be recommended for SIT projects against *A*. *fraterculus*, with any residual fertility being more than compensated by the high quality of the released flies. The long distances between the sterilization facilities and release sites in Brazil lead us to propose a protocol which consists in irradiating pupae 72 h before emergence with 40 Gy of gamma or X-rays.

This protocol will be adopted by the MOSCASUL center during its field trials in southern Brazil, but the optimum dose of 40 Gy should not be recommended blindly for all of the cryptic species of the *A*. *fraterculus* complex. This study and most of the Argentinean ones have tested only the Brazilian-1 morphotype. The three Brazilian morphotypes, for example, are distinct from the Peruvian populations \[[@pone.0201026.ref019], [@pone.0201026.ref038]--[@pone.0201026.ref041]\]. Gonzalez et al. \[[@pone.0201026.ref042]\] determined a sterilizing dose of 38.9 Gy for males, but they recommended 58.4 Gy for both sexes of the Peruvian strain tested. Accurate and consistant radiation studies with local morphotypes, therefore, are advised.

Regarding the sterile release density for *A*. *fraterculus*, this is the first study that brings information on this matter. The sterility induction verified in laboratory and field cages increased with the increase in the sterile:fertile ratio. Egg sterility levels increased from 56% to 89.7% between the 1:1 and 10:1 ratios ([Fig 2](#pone.0201026.g002){ref-type="fig"}), with the Probit analysis indicating that a 42:1 ratio would be sufficient to induce 99% sterility. This level of sterility, however, was more easily reached only by the OFR of 50:1 in the field cages (Tables [6](#pone.0201026.t006){ref-type="table"} and [7](#pone.0201026.t007){ref-type="table"}). Assuming that the results from our field cage tests could reasonable be extrapolated to open field conditions, target populations could be suppressed by 90% or more with OFRs starting at 30:1. Our data suggests that an optimum sterile:fertile ratio in a SIT field trial against *A*. *fraterculus* should be 50 sterile males per 1 wild fly.

Most of the studies that estimate OFRs have been performed for *C*. *capitata* and *Bactrocera* spp. \[[@pone.0201026.ref015]\]. Steiner \[[@pone.0201026.ref043]\] proposed 20:1 as the critical OFR for *Bactrocera dorsalis* (Hendel) and *Zeugodacus cucurbitae* (Coquillett), while Villasenor et al. \[[@pone.0201026.ref044]\] suggested 80:1 as the minimum OFR for controlling *C*. *capitata*. After comparing existing field data, Shelly & McInnis \[[@pone.0201026.ref015]\] reported that *Z*. *cucurbitae* populations were reduced more than 99% at OFRs between 50:1 and 100:1 in Japan, whereas *C*. *capitata* populations were suppressed by 50--93% at an OFR of 160:1 in Nicaragua and ratios between 100:1 and 400:1 in Hawaii.

Only two studies tried to determine the relationship between induction of sterility and OFR for *Anastrepha* species. Flores et al. \[[@pone.0201026.ref016]\] used mass-reared *A*. *ludens* flies in large field cages, finding 85% and 90% sterility at OFRs of 30:1 and 100:1, respectively. These authors indicated that the optimal OFR for *A*. *ludens* should be 30:1. Flores et al. \[[@pone.0201026.ref017]\] showed that a 10:1 sterile:wild ratio was sufficient to induce ca. 88% sterility in wild *A*. *obliqua* when releasing only males, and a similar result was verified at the ratio of 30:1 when releasing sterile males and females jointly.

Due to our specific experimental conditions, higher OFRs may prove to be required under open field conditions. Confining flies in the field cages could provide some advantage to the sterile males by removing their need to disperse long distances in the environment to locate the wild females. Nevertheless, the fly densities applied in our field cages (*i*.*e*. densities ranged from 3 to 313 flies/m^2^) should neither be considered high, as overcrowded conditions in rearing cages for the tested strain occur only at densities higher than 4,000 flies/m^2^ (Mastrangelo, unpublished data), nor resource limited (adult diet and water were offered *ad libitum*). The efficacy of the sterile males could have been overestimated in our cages due to the exclusive use of domesticated flies. Wild females can be more choosy before mating \[[@pone.0201026.ref038], [@pone.0201026.ref045], [@pone.0201026.ref046]\], but the field cage conditions could also have favored the remating of nonirradiated females with the few fertile males released \[[@pone.0201026.ref035], [@pone.0201026.ref047]\], which could help to explain the recovery of a few pupae even at the OFR of 100:1. Future experiments trying to optimize the OFR for *A*. *fraterculus* might benefit from the use of wild strains and marked flies.

Additionally, it was not possible to conclude in this study that male only releases would provoke a higher degree of induced sterility in *A*. *fraterculus*, whilst bisexual releases of other species tend to be far less efficient \[[@pone.0201026.ref015]\]. Orozco et al. \[[@pone.0201026.ref048]\] demonstrated that the presence of sterile females of *A*. *ludens* diverted the attention of the sterile males, negatively influenced the proportion of mating with wild females and led to lower levels of induced sterility. Flores et al. \[[@pone.0201026.ref016], [@pone.0201026.ref017]\], however, did not find significant differences between bisexual and male-only releases. New attempts to precisely link sterile male only releases with sterility induction under different OFRs should be encouraged. The use of a GSS recently developed by the IAEA based on pupal color dimorphism \[[@pone.0201026.ref049]\] may be useful to achieve this.

In conclusion, the data generated here have a great practical value for the decision-makers of SIT field trials, proving that the optimum dose of 40 Gy render females incapable of laying eggs and giving a preliminary idea about the minimum number of sterile males that must be released to start driving the target population downward to reproductive collapse. In addition, due to the fact that flies younger than 7 days cannot be easily distinguished on the basis of ovary development regardless of the radiation dose, the ovarian dissection technique \[[@pone.0201026.ref031]\] should be used with caution by those willing to confirm sterility of trapped females that are released in the field but not adequately marked with fluorescent dyes. Further investigations about the effects of hypoxia on the sterilizing dose, cold storage and shipment over long distances on the quality of the sterile flies, and large-field tests are still essential to the SIT's effectiveness against *A*. *fraterculus*. As soon as these issues are resolved, SIT programmes for this fruit fly can come closer to becoming a reality in South America.
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###### Linear regression of Probit transformed sterility on log dose for males (in blue) and females (in red) of *Anastrepha fraterculus* whose pupae were irradiated at 72 h before adult emergence.

(TIF)

###### 

Click here for additional data file.

###### Linear regression of Probit transformed sterility on log dose for males (in blue) and females (in red) of *Anastrepha fraterculus* whose pupae were irradiated at 48 h before adult emergence.

(TIF)

###### 

Click here for additional data file.

###### Linear regression of Probit transformed sterility on log dose for males (in blue) and females (in red) of *Anastrepha fraterculus* whose pupae were irradiated at 24 h before adult emergence.

(TIF)
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Click here for additional data file.

###### Index of sexual isolation for irradiated *Anastrepha fraterculus*.

(TIF)
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Click here for additional data file.

###### Relative performance indices for irradiated *Anastrepha fraterculus*.

(TIF)
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###### Relative isolation index for irradiated *Anastrepha fraterculus*.

(TIF)
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Click here for additional data file.

###### Relationship between number of pupae collected and the sterile: Fertile male ratio under field cage conditions, using male-only and male and female releases.

(TIF)
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Click here for additional data file.

###### Relationship between reduction in pupal yield and the sterile: Fertile male ratio under field cage conditions, using male-only and male and female releases.

(TIF)

###### 

Click here for additional data file.

###### Relationship between number of pupae obtained per kilogram of fruit and the sterile: Fertile male ratio under field cage conditions, using male-only and male and female releases.

(TIF)

###### 

Click here for additional data file.
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